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EXECUTIVE  SUMMARY 

State  of  the  art  experimental  techniques  have  been  applied  to 
micromechanical  measurements  of  advanced  composite  materials  and 
structures. 

Moire  interferometry  has  been  used  to  determine  the 
phenomenological  nature  of  deformation  of  thick  graphite  epoxy 
laminates,  and  to  measure  representative  mechanical  properties.  These 
properties  include  Young's  modulus,  Poisson's  ratios,  shear  moduli  and 
co-efficients  of  thermal  expansion. 

Test  methods  used  for  the  measurement  of  shear  moduli  have  been 
evaluated  and  a  new  test  configuration  proposed. 

The  photomechanics  experiments  uncovered  and  quantified  edge 
effects  which  were  also  studied  in  detail  numerically.  The  practical 
nature  of  stresses,  which  are  held  in  some  circles  to  be  singular,  was 
investigated  and  the  scale  over  which  these  effects  act  was 
determined.  It  would  appear  that  a  very  fine  scale  and  extremely  high 
local  stress  gradients  occur. 

A  micromechanical  analysis  of  metal-matrix  specimens  revealed 
highly  anomalous  deformations. 

A  series  of  experiments  has  been  performed  to  determine  the 
magnitude  and  distribution  of  residual  stresses  in  thick  composites. 

The  experiments  were  particularly  successful  in  uncovering  higly 
localized  residual  tensile  and  shear  strain  concentrations. 

Many  of  the  experimental  observations  were  made  possible  by  the 
expansion  of  laboratory  facilities  which  were  completed  towards  the 
middle  of  this  reporting  period.  This  expansion  has  allowed  significant 
developments  in  the  techniques  of  high  sensitivity  strain  measurement. 


Improvements  in  grating  quality  have  been  achieved  and  applied  to 
composite  mechanics  investigations.  Experiments  have  been  taken  off  the 
optical  table  and  performed  on  a  universal  testing  machine.  A  two  stage 
process  to  yield  an  almost  ten-fold  increase  in  sensitivity  has  been 
investigated;  preliminary  results  are  exciting.  This  method  will  allow 
further  penetration  into  the  micromechanics  domain  in  composite 
materials.  Complementing  this  research,  significant  progress  toward 
achieving  zero-thickness  gratings  has  been  made. 

A  very  active  research  group  which  includes  three  faculty  and  seven 
Ph.D.  students  has  been  established  and  many  research  papers  are  in 
preparation. 

SIGNIFICANT  RESULTS  AND  MAJOR  ACCOMPLISHMENTS 

(i)  Interlaminar  shear  moduli  of  thick  composite  laminates  have 
been  determined.  Surprisingly  high  localized  strains  have  been 
identified  between  plies. 

(ii)  Edge  effect  stresses  have  been  isolated  and  quantified. 
Remarkable  variations  { from  lamina  to  lamina  Interface)  have  been 
observed.  The  scales  over  which  the  edge  stress  predominate  have  been 
determined  and  shown  to  be,  in  some  cases,  extremely  small.  Large,  and 
possibly  singular,  stresses  have  been  measured  at  bimaterial  interfaces. 

(iii)  Residual  strains  have  been  measured  to  a  sensitivity 
sufficient  to  pick  up  the  major  steps  in  the  composite  fabrication 
method  and  possible  errors  in  the  stacking  sequence  identified.  Very 
large  tensile  strains  were  revealed  in  interlaminar  zones. 
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( 1 v)  Major  Improvements  In  experimental  technique  have  been 
accomplished.  A  new  method  of  grating  production  has  greatly  improved 
the  quality  of  the  experimentally  determined  displacement  contours  and 
extended  the  range  of  deformation  measurement.  Pilot  experiments  have 
already  achieved  sensitivities  approaching  the  equivalent  of  moire  with 
500,000  lines  per  inch.  Zero-thickness  gratings  have  been  prepared,  but 
further  reserach  is  needed  for  routine  implementation. 


RESEARCH  THRUSTS 

Interlaminar  Shear  Behavior  of  Thick  Composites 

With  the  primary  objective  of  determining  the  shear  moduli, 
interlaminar  shear  specimens  were  cut  from  thick  composite  tubes  as 
shown  in  Fig.  1.  Two  types  of  rail  shear  configurations,  illustrated  in 
Fig.  2.,  were  evaluated.  Typical  fringe  patterns  for  the  shear-loaded 
composite  are  presented  in  Fig.  3.  Shear  strain  distributions,  along 
and  across  the  specimen,  were  obtained  from  these  displacement  data. 

Such  shear  strain  distributions  are  shown  in  Figs.  4  and  5.  The  latter 
figure  indicates  the  presence  of  large  shear  strain  gradients  between 
plies  and  peak  shear  strains  in  these  regions  of  about  double  mean 
values.  The  large  variations  of  performance  of  nominally  equivalent 
lilies  (Fig.  5)  documents  a  very  important  phenomenological  feature.  The 
presence  of  a  fabrication  defect  is  also  uncovered  and  related  to  the 
composite  microstructure  in  Fig.  5. 

An  objective  of  this  study  was  to  obtain  material  property  data. 

In  this  experiment,  representative  values  of  interlaminar  shear  moduli 
(G13,  G23)  were  obtained.  These  are  summarized  in  Table  1. 
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Determination  of  shear  properties  led  to  consideration  of  other 


possible  test  configuratins.  It  should  be  noted  that  there  is  no 
universally  accepted  test  method.  The  Iosipescu  (v-notch)  specimen  was 
first  evaluated.  Typical  fringe  patterns  obtained  by  moire 
interferometry  are  shown  in  Fig.  6.  The  patterns  indicate  the  presence 
of,  very  nearly,  pure  shear.  (There  is  evidence  of  bending  effects  from 
the  fixture). 

A  new  test  fixture  (Fig.  7),  which  used  a  compact  double-notched 
specimen,  was  designed  and  the  uniformity  of  the  shear  strain  fields 
assessed.  Fig.  8  shows  the  displacement  fields  from  the  moire 
interferometry  experiment  with  this  specimen.  The  uniformity  of  the 
shear  field  is  impressive.  Fig.  9a,  and  the  new  test  fixture  looks  most 
promising.  Figure  9b  shows  results  for  in-plne  shear  of  the  thick- 
walled  cylinder  (Fig.  1);  the  stress-strain  relationship  Is  nonlinear 
right  from  the  start.  Important  attributes  of  this  new  method  of 
measuring  in-plane  shear  properties  include  economy  of  material 
(allowing  use  of  specimens  cut  from  curved  bodies)  and  specimen 
preparation,  the  test  can  be  carried  out  on  a  wide  range  of  materials  on 
a  variety  of  testing  machines  and  the  test  section  is  unaffected  by  the 
clamping.  Both  in-plane  and  interlaminar  shear  behavior  can  be 
determined  with  this  specimen  configuration. 

Interlaminar  Compression 

Experiments  upon  cubes  cut  from  the  thick-  composite  cylinders 
allowed  the  determination  of  the  interlaminar  modulus  of  elasticity  and 
the  Poisson's  ratio  as  well  as  a  detailed  study  of  the  phenomenological 
behavior.  The  latter  gave  rise  to  an  analysis  of  edge  effects  in  this 


specimen. 

a.  Material  Properties 

The  general  specimen  configuration  and  relationship  to  the  original 
cylinder  are  shown  in  Fig.  10.  Moire  interferometry  was  used  to  obtain 
the  in-plane  components  of  displacement  on  the  faces  A  and  B  of  the  cube 
-  Figs.  11  and  12.  A  related  experiment  utilizing  a  Twyman  -  Green 
Interferometer  provided  the  out-of-plane  displacement  component  in  the 
form  of  the  fringe  contours  shown  in  Fig.  13.  The  need  for  this 
complementary  experiment  became  apparent  when  the  y-displacement  field 
(Fig.  12)  showed  surprising  differences  in  nominally  similar  plies.  It 
was  then  essential  to  determine  whether  or  not  the  phenomenon  was  a 
surface  effect  or  indicative  of  bulk  material  behavior.  The  out-of¬ 
plane  deformation  suggested  the  presence  of  local  (line)  edge  effects 
between  the  0  and  90  deg  plies.  Thus,  average  values  for  the  mechanical 
properties  had  to  be  calculated.  These  were  obtained  as  follows: 
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where  subscript  A  or  B  refers  to  the  face  on  which  measurements  were 
made  and  the  bar  notation  indicates  an  average  value  across  the  specimen 
width. 

b.  Edge  Stresses 

Detailed  studies  of  the  edges  of  the  specimen  in  Fig.  11  indicate 
the  presence  of  high  (corner)  edge  effect  shear  stresses.  These  are 
shown  on  an  expanded  scale  in  Fig.  14  which  also  provides  an 
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illustration  of  the  shear  strain  distribution  near  the  edge  and  between 
two  plies.  Perhaps  most  important  of  ail,  it  was  discovered  that  the 
peak  values  of  these  shear  strains  varied  from  interface  to  interface 
with  a  factor  of  up  to  two  difference.  That  is,  nominally  identical 
interfaces  suffered  significant  differences  in  shear, 
c.  Interface  Problem 

The  sensitivity  and  resolution  of  the  interlaminar  compression 
experiment  were  not  sufficient  to  allow  a  detailed  study  of  the  nature 
of  the  high  edge  stresses.  To  gain  insight  into  this,  the  behavior  of  a 
bimaterial  joint  (analagous  to  the  junction  between  two  plies  of 
differing  orientation)  has  been  studied  in  detail.  Experiments  have 
been  performed  on  brass  and  steel  plates  silver-soldered  together  and 
having  the  dimensions  shown  in  Fig.  15.  High  frequency  gratings  were 
replicated  at  various  locations  at  a  temperature  of  240°F  above 
ambient.  (The  grating  on  a  ULE  {ultra  low  expansion]  glass  allowed  a 
precise  knowledge  of  the  initial  grating  frequency.)  The  deformation 
fields  associated  with  the  mismatch  in  the  thermo-mechanical  properties 
of  the  steel  and  brass  were  recorded  using  moire  and  Twyman-Green 
interferometers.  A  typical  fringe  pattern  is  shown  in  Fig.  16.  Abrupt 
changes  are  apparent  at  the  material  interface.  The  addition  of 
appropriate  carrier  patterns  for  the  steel  and  brass  effectively 
substract  the  (uniform)  thermal  strains  and  highlight  the  mechanical. 

The  results  of  this  technique  are  shown  in  Fig.  17.  Such  fringe 
patterns  allow  direct  calculation  of  the  thermally  induced  stresses  from 
a  knowledge  of  the  elastic  constants.  A  typical  stress  distribution  is 
presented  in  Fig.  18  for  the  quarter-point,  i.e.,  for  the  line  that 
crosses  the  Interface  1/4  the  interface  length  from  the  edge.  It 


appears  at  first  glance  that  equilibrium  of  the  normal  stress  across  the 
Interface  is  violated.  A  numerical  study  of  the  problem  was  performed 
using  finite  element  analysis.  A  full  three  dimensional  model  was 
required  to  show  that  extremely  close  to  the  interface  the  stress  in  the 
brass  turns  upwards  toward  the  value  in  the  steel.  While  the  stress 
gradients  are  very  large,  ay  equilibrium  is  not  violated.  Both 
experiment  and  calculation  indicate  the  presence  of  a  "skin"  of  non- 
uniform  stress  around  the  interface.  This  is  further  illustrated  in 
Fig.  19  which  shows  that  the  depth  of  the  skin  may  be  significant  at 
least  under  the  influence  of  a  double  singularity  at  a  corner.  This 
study  is  continuing  with  further  experiment  and  comparison  with  detailed 
calculations  to  determine  the  practical  aspects  of  the  theoretical 
singularities  at  such  interfaces. 

Residual  Strain  Measurements 
a.  Thermal  Strains 

The  residual  thermal  strains  in  a  cube  specimen  cut  from  the  thick 
composite  cylinder  -  Fig.  20  -  were  measured  using  the  same  technique  as 
in  the  bimetallic  interface  experiment.  The  photomechnics  experiments 
provided  the  fringe  patterns  shown  in  Fig.  21  which  exhibited  similar 
micromechanical  edge  effects  to  those  in  the  interlaminar  compression 
measurements.  Details  of  the  peak  shear  strains  on  the  faces  of  the 
cube  are  shown  in  Fig.  22. 

In  addition  to  the  significant  edge  effect  of  Fig.  22,  the 
following  residual  deformations  and  co-efficients  of  thermal  expansion 
were  determined  for  cooling  the  laminate  from  its  250°F  cure  temperature 
to  76° F  room  temperature: 


Coefficients  of  thermal  expansion: 


ax  =  3.00  x  10"6  /OF 
ay  =  39.5  x  10'6  /OF 
a2  =  1.01  x  10'6  /of 

Residual  Strains:  ex  =  -  ^20  x  10~® 

ey  =  -  6840  x  10~6 

S  e2  *  -  175  X  10'6 


Surface  Deformation: 

Face  A: 

aW  =  0-9 

um 

Face  B: 

AW  =  1.5 

urn 

b.  Residual  Mechanical  Strains 

Residual  strains  were  also  measured  on  ring  specimens  cut  from  the 
thick  cylinder.  Gratings  and  strain  gages  were  applied  to  rings  at  the 
locations  shown  in  Fig.  23.  The  ring  was  cut  through  and  the 
deformation  fields  and  strains  relieved  by  the  cut  were  determined. 
Values  and  fringe  patterns  are  shown  in  Fig.  24.  Additional  cuts  were 
made  to  relieve  other  residual  strains.  The  cutting  patterns  and  fringe 
contours  are  shown  in  Figs.  25  and  26.  Reduction  of  the  experimental 
data  provided  the  strain  distributions  shown  in  Fig.  27.  The  anomalous 
peaks  in  the  shear  strains  coincide  with  halts  in  the  fabrication 
process,  i.e.,  with  positions  of  intermediate  curing  and  errors  in  the 
stacking  sequence.  The  anomolous  peaks  in  ex  reveal  very  large  radial 
interlaminar  tensile  strains  that  can  contribute  to  premature 
delamination. 
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Edge  Effects  in  Composites 

Several  of  the  experiments  mentioned  above  highlighted  documented 
composite  edge  effects.  A  program  is  now  underway  with  the  specific 
objective  of  determining  edge  effects  at  and  on  a  cut-out  in  a  thick 
composite  panel  loaded  in  compression.  The  specimen  geometries  for  this 
series  of  experiments  are  shown  in  Fig.  28.  Novel  features  of  this 
program  include  loading  on  a  universal  testing  machine  (that  is,  the 
experiment  was  moved  off  the  optical  table)  and  the  design  of  a 
miniature  interferometer  to  allow  interrogation  of  the  boundary  surface 
of  the  hole.  A  detail  of  the  interferometer  is  shown  in  Fig.  29. 

The  current  status  of  the  program  is  that  the  first  measurements 
are  now  being  taken. 


Metal  Matrix  Investigation 

A  continuation  of  previous  work  on  boron/aluminum  laminates  in  the 
form  of  tensile  specimens  with  a  central  slot  revealed  significant 
micromechanical  characteristics.  Figure  30  shows  the  displacments 
parallel  to  the  fiber  direction  in  the  outer  45°  ply  of  the  specimen, 
and  Fig,  31  shows  the  fiber-by-fiber  shear  strain  distribution  along 
line  13.  Groups  of  fibers  experience  slip  relative  to  neighboring 
groups,  as  highlighted  by  shading  in  Fig.  30.  Strong  intra-fiber  slip 
occurs  at  random  locations,  as  shown  in  Fig.  31.  Large  interlaminar 
shears  must  accompany  these  outer  fiber  displacements.  Significant 
information  on  the  coupling  between  0°  and  45°  plies  was  revealed. 
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Improvement  of  Experimental  Technique 

The  photomechanics  experiments  performed  in  this  program  have 
uniquely  high  sensitivity  and  produce  fringe  patterns  of  an  extremely 
high  quality.  These  features  are  a  direct  result  of  the  gratings  used 
in  the  experiments.  Efforts  have  been  made  to  improve  upon  these 
already  high  quality  gratings.  The  production  technique  has  been 
modified  through  the  use  of  photo  resist  to  yield  gratings  of  optimum 
profile.  The  results  of  this  improvement  are: 

•  Greater  diffraction  efficiency  which,  in  turn,  allows  shorter 
exposure  times. 

•  Much  higher  signal-to-noise  ratios  (a  consequence  of  the  unique 
interferometer  designed  to  provide  the  optimum  gratings)  which  increases 
the  fringe  contract  and  the  limit  of  the  largest  deformations  which  can 
be  resolved  before  the  fringes  "run  together". 

These  gratings  were  used  in  many  of  the  experiments  described  above 
and  contribute  to  the  excellent  fringe  patterns.  A  further  milestone  in 
the  development  of  moire  interferometry  was  the  use  of  a  zero-thickness 
grating  in  measurements  on  a  pin-loaded  plate.  For  this  the  gratings 
were  etched  into  the  surface  to  avoid  shear  lag  associated  with  the 
replicated  (epoxy)  gratings  normally  used. 

The  current  practical  sensitivity  of  moire  interferometry  is  about 
60,000  lines  per  inch  with  an  optical  limit  of  about  100,000  lines  per 
inch.  Micromechanical  measurements  require  an  ever  increasing 
sensitivity.  Two-stage  methods  of  achieving  a  sensitivity  corresponding 
to  about  500,000  lines  per  inch  are  now  under  scrutiny.  Preliminary 
results  are  encouraging  and  a  factor  of  eight  improvement  has  already 
been  attained,  as  displayed  in  Fig.  32. 
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The  photomechanics  experiments  provide  vast  amounts  of  data  in  the 
form  of  displacement  contours.  However,  strains  and  stresses  are  often 
required.  The  reduction  of  the  experimental  data  can  be  tedious.  As  a 
first  step  in  the  automation  of  this  process,  a  localized  hybrid  method 
of  data  reduction  has  been  developed.  This  consists  of  using  the 
photomechanics  displacement  data  as  boundary  conditions  in  a  finite 
element  analysis  of  an  arbitrary  region  of  interest.  Detailed  studies 
have  shown  that  the  high  sensitivity  of  moire  interferometry  is  required 
for  meaningful  analyses;  excellent  results  have  been  obtained  in 
investigations  of  frictional  contact  phenomena  in  pin-loaded  metallic 
and  composite  plates. 

Sumnary  of  Research  Progress 

Optical  techniques  have  been  used  to  measure  composite  properties, 
to  examine  and  improve  composite  test  methods  and  investigate 
fundamental  mechanical  phenomena  in  composites,  especially  thick 
composites.  The  nature  of  edge  effects  has  received  much  attention. 
Studies  of  interlaminar  shear,  in-plane  shear,  interlaminar  compression, 
residual  thermal  strains,  residul  mechanical  strains,  and  interface 
problems  are  reported.  Graphite/epoxy  and  boron/aluminum  specimens  were 
investigated. 

In  parallel  with  these  studies  improvements  have  been  made  in  the 
techniques  themselves.  These  will  allow  higher  sensitivity  measurements 
to  be  made  on  a  micromechanics  level. 

Numerous  technical  publications  have  evolved  from  this  end  closely 
related  work,  as  listed  in  Sections  (i-k)  herein.  Others  are  being 
prepared.  Some  seven  papers  have  been  submitted  for  presentation  at  the 
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forthcoming  SEM  meeting  in  Boston  next  June. 

The  basic  objectives  of  the  sponsored  research  —  investigation  of 
phenomenological  behavior  in  micromechanics  and  enhancement  of 
techniques  for  finer-scale  measurements  —  have  been  achieved. 
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RESIN-RICH  ZONE  INCLUOEO  RESIN-RICH  ZONE  EXCLUDED 


Specimen  I 

Specimen  II 

Extreme 

Extreme 

Property 

Variations 

Variations 

G0  -  G13 

3.7  GPa 

+  17* 

3.6  GPa 

♦  11* 

Center  of  Ply 

(Eq.  2] 

540,000  psi 

-  28* 

520,000  psi 

-  14* 

Ggo  =■  G23 

2.8  GPa 

*  14* 

2.6  GPa 

♦  20* 

Center  of  Ply 

(Eq.  2] 

400,000  psi 

-  18* 

370,000  psi 

-  16* 

rcalc 

G[902/0]n 

by  calculation 

[ Eq.  5] 

3.0  GPa 

440,000  psi 

2.9  GPa 

420,000  psi 

reff 

G[902/0]n 

by  measurements 
(Eq.  3| 

2.6  GPa 

380,000  psi 

2.8  GPa 

400,000  psi 

Peff  a  reff 

G0  3  G13 

3.2  GPa 

+  17* 

3.4  GPa 

♦  11* 

(Eq.  6! 

470,000  psi 

-  28* 

500,000  psi 

-  14* 

-eff  _  reff 

G90  -  G23 

2.4  GPa 

+  14* 

2.4  GPa 

+  20* 

(Eq.  61 

350,000  psi 

-  18* 

350,000  psi 

-  16* 

TABLE  I  Summary  of  experimentally  determined  interlaminar  shear 
modu 1 i . 


Details  of  thick-walled  composite  cylinder  and  the  specimens 
cut  for  the  rail  shear  interlaminar  shear  moduli 
measurements. 


p 


Ball 


Fig.  2  Specimen  configurations  and  dimensions  for  the  rail  shear 
experiments.  Specimen  II  had  a  tapered  cement  bond  at  its 
corners.  The  zero  deg  fibers  lie  in  the  y  direction. 


Horizonal  (Nx)  ana  vertical  (N  )  fringe  patterns 
representing  typical  U  and  V  displacement  fields  for  the 
rail  shear  experiment  with  Specimen  I.  The  applied  load 
P  *  3. 18kN  (714  lb). 


Fig.  3 


Shear  strain  distributions  along  individual  plies  for 
Specimens  I  and  II.  These  plies  lie  within  the  central 
third  of  the  specimen. 


Interlaminar  shear  strains  across  the  width  of  the  rail 
shear  specimen  I.  Peak  shear  strains  are  apparent  at  the 
ply  interfaces.  The  inset  micrograph  shows  the  relationship 
between  the  ply  geometry  and  the  shear  strain  distribution. 


Fig.  5 


(b) 


Fig.  6  Moire  fringe  patterns  for  the  horizontal  (a)  and  vertical 
(b)  displacements  in  an  Iosipescu  specimen.  These  fringes 
correspond  to  very  nearly  pure  shear  in  the  notch  section. 


General  arrangement  of  the  compact  double-notched  specimen 
for  in-plane  shear  modulus  measurement.  A  moire  grating 
over  the  entire  face  of  the  specimen  allowed  shear  strain 
measurement. 


Fig.  7 


SSIIIII! 


I 


Compact  Double- notched 
Specimen 

losipescu  Specimen 


_l _ I _ I _ L 

-0.5  0  0.5  1.0 

y,  Normalized 


(a)  Shear  strain  distributions  along  a  line  correction  the 
notch  tips  in  the  compact  double-notched  and  losipescu 
specimens. 


I 


Shear  Strain ,  rxy  *  I03 


Fig.  9  (b)  In-plane  shear  stress  strain  curve  obtained  from  the 

compact  double  notched  specimen.  Significant  non-linearity 
is  present  even  at  small  strains. 


Details  of  the  interlaminar  compression  specimen  cut  from 
the  thick  composite  cylinder. 


Fringe  pattern  for  the  vertical  (V)  component  of 
displacement  for  the  interlaminar  compression  specimen. 


Fringe  pattern  for  the  out-of-plane  (W)  component  of 
displacement  for  the  interlaminar  compression  specimen 


EDGE  EFFECT 

Interlaminar  Shear  Strain  exceeds 
Average  Compressive  Strain 
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Detail  of  free  edge  effect  fringe  pattern  (U-field)  and 
corresponding  interlaminar  shear  strains. 


Specimen  geometries  for  the  bimaterial  interface 
experiments.  The  values  of  the  co-efficients  of  thermal 
expansion  (a  and  ag)  have  been  determined  experimentally 


A  typical  fringe  pattern  (for  the  vertical,  V-field)  near 
the  interface  at  the  location  shown  on  the  inset. 


■»~r 


» 


Fringe  patterns  corresponding  to  mechanically  induced 
displacements  in  the  brass  and  steel.  These  have  been 
obtained  by  optically  subtracting  the  uniform  thermal 
expansion. 


y  (inches) 


& 


H 


7/ 


n  i 


(a)  V-displacement  field 
for  displacements 
in  the  y  direction 
(no  carrier  added) 


(b)  W-displacement  field 
for  displacements 
in  the  z  direction 
(no  carrier  added) 


(c)  W-displacement  field 
for  displacements 
in  the  z  direction 
(with  added  carrier) 


Fringe  patterns  illustrating  the  lack  of  uniformity  in  the 
displacement  fields  caused  by  the  (corner)  free  edge 
effects. 


AS4  Graphite  Fiber 
5920  Epoxy 
0.20  mm  Ply  thickness 
55%  Fiber  content 
by  weight 
250 °F  Cure  temp. 
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- —  Oven,  elevated 
Temperature  replication 


(a) 
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j.  20 


Detail  of  the  composite  cube  specimen  for  the  residual 
thermal  strain  experiment.  The  procedure  for  the 
replication  of  the  grating  is  shown  schematically. 
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Fig.  21  Fringe  patterns  deplctng  residual  thermal  displacements 

contours  (U ,  V  and  Z  components)  for  the  face  of  a  composite 


cube. 


I 


Face  A 


Face  B 


SHEAR  STRAIN  NEAR  THE  FREE  EDGE 


0.5  1.0  15 


x  (mm) 

Interlaminar  shear  strains 


Detail  of  (corner)  edge  effect  displacement  contours  for  the 
faces  of  the  composite  cube.  Corresponding  interlaminar 
shear  strain  distributions  at  ply  interfaces  are  also  shown. 


Residual  strains:  Gr/Ep  [902/0]32 


grating  #1 


.  23 


Generally  arrangement  of  moire  gratings  and  strain  gages  on 
a  thick-composite  ring  prior  to  cutting  and  measurement  of 
residual  mechanical  strains. 


Fig.  24 


Fringe  patterns  showing  components  of  displacements  relieved 
by  a  single  through-cut. 


W  Out  of  Plane  Displacement 


Fig.  25  Fringe  patterns  corresponding  to  out-of-plane  displacements 
relieved  by  the  through  cut  and  local  cuts. 


Fringe  patterns  showing  displacements  relieved 
additional,  local,  cutting. 


Residual  strain  distributions  for  the  thick  composite 
ring.  The  peaks  in  y  coincide  with  intermediate  stages  in 

xy 

curing  and  stacking  errors. 


STACKING  SEQUENCE 


Specimen  configuration  for  edge  effect  studies  in  and  around 
a  cut  out  in  a  compression  loaded  composite  panel. 


I 


» 


I 


I 


I 


I 


» 


Fig.  31  Shear  strains  along  line  L3  (defined  in  Fig.  30). 


- Actual 

- Average 


« 


Fig.  32  Preliminary  result  of  the  ultrahigh  sensitivity  displacement 
measurement  study.  The  fringes  correspond  to  moire  with 
about  500,000  lines  per  inch. 
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19.  ABSTRACT 


State  of  the  art  experimental  techniques  have  been  applied  to 
micromechanical  measurements  of  advanced  composite  materials  and 
structures. 

Moire  interferometry  has  been  used  to  determine  the 
phenomenological  nature  of  deformation  of  thick  graphite  epoxy 
laminates,  and  to  measure  representative  mechanical  properties.  These 
properties  include  Young's  modulus,  Poisson's  ratios,  shear  moduli  and 
co-efficients  of  thermal  expansion. 

Test  methods  used  for  the  measurement  of  shear  moduli  have  been 
evaluated  and  a  new  test  configuration  proposed. 

The  photomechanics  experiments  uncovered  and  quantified  edge 
effects  which  were  also  studied  in  detail  numerically.  The  practical 
nature  of  stresses,  which  are  held  In  some  circles  to  be  singular,  was 
investigated  and  the  scale  over  which  these  effects  act  was 
determined.  It  would  appear  that  a  very  fine  scale  and  extremely  high 
local  stress  gradients  occur.' 

A  mi  cromechariicaT  analysis  of  metal-matrix  specimens  revealed 
highly  anomalous  deformations. 

A  series  of  experiments  has  been  performed  to  determine  the 
magnitude  and  distribution  of  residual  stresses  in  thick  composites. 

The  experiments  were  particularly  successful  in  uncovering  highly 
localized  residual  tensile  and  shear  strain  concentrations. 

Many  of  the  experimental  observations  were  made  possible  by  the 
expansion  of  laboratory  facilities  which  were  completed  towards  the 
middle  of  this  reporting  period.  This  expansion  has  allowed  significant 
developments  in  the  techniques  of  high  sensitivity  strain  measurement. 
Improvements  in  grating  quality  have  been  achieved  and  applied  to 
composite  mechanics  investigations.  Experiments  have  been  taken  off  the 
optical  table  and  performed  on  a  universal  testing  machine.  A  two  stage 
process  to  yield  an  almost  ten-fold  increase  in  sensitivity  has  been 
investigated;  preliminary  results  are  exciting.  This  method  will  allow 
further  penetration  into  the  micromechanics  domain  in  composite 
materials.  Complementing  this  research,  significant  progress  toward 
achieving  zero-thickness  gratings  has  been  made. 

A  very  active  research  group  which  includes  three  faculty  and  seven 
Ph.D.  students  has  been  established  and  many  research  papers  are  in 
preparation. 


